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Abstract
The cylinder block/valve plate interface is a critical design element of axial piston 
machines. In the past, extensive work has been done at Maha Fluid Power Research 
center to model this interface were a novel fluid structure thermal interaction model was 
developed which accounts for thermal and elasto-hydrodynamic effects and has been 
proven to give an accurate prediction of the fluid film thickness. This paper presents an 
in-depth investigation of the impact of the elastic deformation due to pressure and 
thermal loadings of the end case/housing on the performance of the cylinder 
block/valve plate interface. This research seeks to understand in a systematic manner 
the sensitivity of the cylinder block/valve plate interface to the structural design and 
material properties. A comparison between simulations results is done by utilizing 
different end case designs and material compositions, both in the valveplate and end 
case solids. 
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1. Introduction 
Axial piston machines of swash plate type have three main lubricating interfaces the 
piston/cylinder, slipper/swash plate and the cylinder block/valve plate interface. These 
are of critical importance since they represent the main source of energy dissipation in 
axial piston machines. The main sources of power losses in this type of machines 
come from viscous dissipation and leakage flow in these lubricating interfaces. Through 
a better understanding of the different effects taking place in lubricating interfaces 
improved designs and reliability can be achieved which will push towards higher 
efficiency. The authors’ research revealed that the elastic deformation of the solid 
bodies has a large impact on the overall performance of the fluid film. This paper 
focuses on the cylinder block/valve plate interface. 
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1.1. Cylinder block/valve plate interface 
The cylinder block/valve plate interface is a critical design feature in axial piston 
machines since it is responsible of fulfilling three main functions; bearing of the external 
loads applied on the cylinder block sealing of the displacement chambers, and  
connecting the displacement chambers with suction and delivery ports. The sealing 
and bearing functions have opposite requirements; in order to bear the external loads a 
sufficiently thick fluid film is necessary while a low fluid film thickness improves the 
sealing function. The external loads applied to the cylinder block are dependent on the 
operating conditions (pressure, rotational speed and swash plate angle) and are of 
dynamic nature due to the machine kinematics and oscillating pressures in the 
displacement chambers as described in /1/. The displacement chamber pressure is 
highly depends on design of the valve plate openings (kidneys) connecting chambers 
to the suction and delivery ports. Figure 1 shows the cylinder block on top of the valve 
plate/end case assembly with the lubricating film between cylinder block and valve 
plate. Also, an example for a single displacement chamber pressure profile is shown in 
Figure 1. The cylinder block (CB) rotates on top of the valve plate (VP) about the shaft 
axis (z-axis) continuously changing the geometrical features of the interface. Figure 1 
shows on the bottom the surfaces which define the fluid film area, which continuously 
changes with the rotating angle ĳ.  
 
Figure 1: Cylinder block/valve plate lubricating interface
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 The cylinder block/valve plate interface bearing function depends on the pressure 
generated in the fluid film between the cylinder block and the valve plate. The fluid film 
pressure is generated due to hydrostatic and hydrodynamic pressure. The 
hydrodynamic pressure is built due to the inclination of the cylinder block bottom 
surface relative to the valve plate surface with a continuously changing inclination 
angle while rotating, the squeeze motion of the two surfaces, and elastic deformation of 
the cylinder block and valve plate/end case assembly due to pressure and thermal 
loadings of these parts. The purpose of this paper is to analyse the effects of the elastic 
deformations of the valve plate/end case assembly on the lubricating film behaviour. 
1.2. Previous research 
A lot of research has been accomplished on the cylinder block valve plate interface in 
the last four decades. The previous research can be divided into experimental and 
theoretical work. Analytical and numerical models were developed using rather simple 
approaches /1-4/. These models provided a better understanding of the working 
principles of axial piston machines. Yamaguchi /2/ studied the impact of different valve 
plate designs on leakage flow through the interface. Kim et al /5-6/ and Bergada et al 
/7/ attempted to measure the fluid film thickness by measuring the relative position of 
the cylinder block to the valve plate undeformed surface and from there deriving the 
gap height. Bergada’s research found in some situations negative values of the 
measured relative fluid film thickness and concluded that deformation effects have to 
be present. 
Wieczorek and Ivantysynova /9/ developed for the very first time a numerical model 
which attempted to predict the fluid film thickness based on the balance between the 
external and fluid forces exerted on the cylinder block by describing the non-isothermal 
flow in the interface through an iterative method. Although, it was a step in the right 
direction, the model lacked of many physical phenomena such as elastohydrodynamic 
(EHD) deformations. Huang and Ivantysynova /10/ developed the previous model 
further and added the elastic deformation of the cylinder block due to pressure by 
coupling the model with commercial software ANSYS /9/. Achten and Schellekens /12/ 
investigated deformation effects in an analytical manner. Jouini and Ivantysynova /11/ 
improved Huang’s model through adding a heat transfer module. A comparison of 
predicted surface temperature distribution of the valve plate with measurements 
conducted by the same authors showed that the model could only partly capture the 
measurement trends, leaving much room for further model improvement. 
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In 2012 Zecchi and Ivantysynova /14,15/ presented a novel thermo-
elastohydrodynamic model for the cylinder block valve plate interface which for the first 
time accounts for the elastic deformations due to pressure and thermal loadings, 
considers the heat transfer to all the solid bodies and updates the non-isothermal fluid 
flow calculations accordingly. Zecchi /16/ repeated measurements of surface 
temperature of the valve plate of a stock axial piston machine and demonstrated that 
the novel model matches measurements very well. 
2. Thermo-elastohydrodynamic model 
The thermo-elastohydrodynamic (TEHD) model developed by Zecchi /13-16/ was used 
to study the effects of elastic deformations of solid bodies forming the CB/VP interface 
as well as the effects of the end case design. The model consists of four main 
modules, as shown in Figure 2. The fluid flow module models the non-isothermal fluid 
flow in the interface by solving the Reynolds and energy equations with a finite volume 
method approach in a sequential form. The solution of Reynolds equation accounts for 
any possible shape of the lubricating interface due to relative inclination, elastic 
deformations, micro-surface shaping and micro-motion. A Newton-Raphson iterating 
method is utilized to vary the micro-motion of the CB until the pressure generated in the 
gap balances the external loads applied on the CB, for more details refer to /16/.  
The second module is the FEM module for the elastic deformations due to pressure on 
solid bodies. The influence matrix method is utilized which is based on the linear super-
imposition principle. The deformations of the solids are calculated off-line to save 
computational time. Each face is loaded with a reference pressure and the 
corresponding deformation of the running surface is calculated and stored. Later in the 
simulation this influence matrix is utilized online to calculate the corresponding 
deformation of the solid. The calculated deformations are returned to the fluid flow 
module to update the fluid film thickness.  
The third module is the heat transfer module where the governing equation is the 
steady state, conductive form of the energy equation shown in Eq. (1) with thermal 
conductivity Ȝ and temperature T. The temperature calculation in the solid bodies is 
performed via a Galerkin formulation of the finite elements method. The heat transfer 
module uses the heat fluxes from the fluid flow module as boundary conditions for the 
calculation. The calculated solid body temperatures are used to update the boundary 
conditions for the gap module and FEM thermal module.  
સ ή ሺߣસሻ ൌ Ͳ (1) 
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 Figure 2: Overview of the cylinder block/valve plate interface TEHD model 
Finally, the fourth module is the corresponding FEM module which calculates the 
thermal deflections of the solid bodies. This module receives the information from the 
heat transfer module which calculated the temperature distribution in the solid bodies 
and can then calculate the thermal loadings. The FEM module is similar to the one 
used for pressure deformations. Linear tetrahedral elements are used for the 
discretization and a Finite Element Method approach to solve the equation.  The FEM 
module thermal analysis takes place once per shaft revolution. The calculated 
deflection is used consequently to update the fluid film thickness after each calculated 
shaft revolution. 
3. Elastic deformations of the cylinder block/valve plate  
Figure 3 shows the boundary surfaces of the cylinder block and valve plate interface to 
which different boundary conditions are applied. On the top, the pressure boundary 
sets are shown for both the cylinder block (left) and valve plate (right). The pressure 
boundaries in the cylinder block are defined by the different pressure regions the solids 
are going to be exposed to. The suction and delivery ports and displacement chambers 
are subjected to uniform pressure. The fluid film in the gap is subjected to the predicted 
pressure field by solving the Reynolds equation in the non-isothermal fluid flow module. 
The thermal surface boundaries are composed of three different boundary conditions; 
Dirichlet, Neumann and mixed boundary conditions. The Dirichlet boundary condition 
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 Figure 3: Boundary surfaces for the pressure and thermal deformation problem (left) 
and pressure and thermal deformation of the bodies (right) 
imposes a fixed uniform or field temperature. The Neumann boundary condition 
imposes a heat flux directly to the boundary surface. Finally, the mixed boundary 
condition applies an indirect heat flux, q, through Newton’s law of cooling (2).  
ݍ௜ ൌ ߙሺ ௪ܶ െ ஶܶሻ (2) 
In Eq. (2) Į is the convection coefficient, ௪ܶ is the wall temperature and ஶܶ is the fluid 
temperature.
4. Film thickness and temperature prediction and comparison to 
measurements 
The influence of surface deformation due to pressure and thermal loadings on the fluid 
film thickness and resulting surface temperature distribution of the valve plate was 
studied using the TEHD model. A 130 cc swash plate type axial piston unit was used 
for this study and simulation results were compared to valve plate surface temperature 
measurements made for the same unit /16/.  
Figure 4 shows a comparison of measured temperature on the left with predicted 
temperature distribution on the right while considering surface deformation due to 
pressure and thermal loading of the cylinder block, valve plate and end case. The 
operating condition is 2800 rpm 200 bar at 50% displacement. The temperature 
boundary conditions were obtained from measurement with Tin = 52.6 °C, Tout = 56.6 °C 
and Tcase = 82.3 °C. One can see that the model prediction is very good. Please note 
that in total 22 k-type thermocouples were embedded in the valve plate to measure 
temperature distribution approximately 5 mm below the running surface. 
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 Figure 4: Measured (a) and predicted temperature field on the valve plate (b)  
One of the 22 thermocouples failed during measurements and therefore the figure on 
the left of Figure 4 shows 0.0 °C at its place close to the outer dead point of the piston. 
The measured temperature field shown in Figure 4 was interpolated from the 21 
measured points whereas the temperature field predicted with the model as shown on 
the right side of Figure 4 was calculated for the entire surface. The temperature 
distribution shown in Figure 4b and Figure 5 obtained from the simulation are shown for 
the cross section of the valve plate made at the same depth of material as that of the 
location of the tips of the thermocouples. For a more direct comparison with 
measurements the temperatures predicted in simulations at points where the 
thermocouples were placed are shown in values °C. Another set of simulations for the 
same unit under the same operating conditions was made using the TEHD model to 
study how the fluid film thickness and temperature distribution due to different energy 
dissipation in the fluid film changes when deformation due to thermal loading of the 
solid bodies (cylinder block, valve plate and end case) are not considered. For these 
simulations the thermal deformation of the model was turned off and only the surface 
deformation due to pressure were considered. The results are shown in Figure 5. The 
figure on the left of Figure 5 shows predicted surface temperatures where the change 
of film thickness due to surface deformation caused by the pressure loading of the 
cylinder block were considered while the valve plate/end case assembly is considered 
as rigid. The figure on the right of Figure 5 shows the temperature distribution predicted 
with the TEHD model with surface deformation due to pressure considered for all parts.  
When comparing all these simulation cases (Figure 4b, Figure 5a and Figure 5b) with 
the measured surface temperatures it is clearly shown that the model considering 
surface deformation due to pressure and thermal loadings for all parts comes closest to 
the measurements. 
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 Figure 5: Predicted temperature, EHD only on the cylinder block (a) and EHD on all (b) 
5. Case study of end case design 
From the previous simulation study the authors observed that different end case 
designs can influence the behaviour of the cylinder block/valve plate interface even 
when cylinder block and valve plate remain unchanged. To further investigate this, a 
case study was conducted by analysing results from different designs. Because of the 
limited length of this paper only two different designs will be compared. The case study 
was realized on a 24 cc axial piston machine swash plate type. Figure 6 shows the 
valveplate volume and the suction and discharge ports surfaces for both designs. The 
first end case design has no ribs on the end case structure. The second has an 
additional rib on the end case with ~8.6 mm in depth.  
 
Figure 6: Valveplate and end case suction and discharge ports 
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 Figure 7: Valve plate total surface deformation  
Figure 7 shows the total elastic deformation of the valve plate running surface in z-
direction due to pressure and thermal effects for a single operating condition (2500 rpm 
350 bar at full displacement). On the left (a) for the design 1 and on the right (b) for the 
design 2. The zoom region for design 1 and design 2 are also shown. The deformation 
of the valve plate surface for design 2 is similar in the other areas, i.e. changes are only 
in the zoom area. Figure 8 shows the resulting 3D fluid film between cylinder block and 
valve plate for one selected angle of rotation for the same operating condition for 
design 1 (a) and 2 (b). Design 2 shows an overall thicker fluid film than design 1. 
Figure 8: 3D Representation of the fluid film thickness, design 1 (a) and 2 (b) 
Figure 9: Fluid film thickness design 1 (left) and design 2 (right) 
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Figure 9 displays the position of the cylinder block throughout a full revolution with 
respect to the x-y plane for three reference points, P1, P2 and P3 as shown in Figure 1. 
The position of the block shows that the performance of the cylinder block/valve plate 
interface is unstable for design 1, on the left of Figure 9. The unstable condition of the 
fluid film is due to the imbalance of external loads and fluid forces. The inability of the 
fluid film to bear the external loads is also shown in Figure 8a where these areas have 
been circled showing extremely low film thickness regions.The imbalance surges from 
a larger component of hydrodynamic pressure from the wedge effect  due to larger 
relative surface deformation (~2 μm). Figure 7a shows a larger deformation  on the 
high pressure side of the valveplate which corresponds to the unstability of the fluid 
film. The low fluid film thickness could also lead to metal-to-metal contact and 
excessive wear on the valve plate and cylinder block surfaces. 
Figure 10 shows the simulation results for the calculated leakage flow, power loss due 
to viscous friction and total energy dissipation for the cylinder block/valve plate 
interface for both studied designs. The values reflected in the graph were normalized 
with respect to the not shown baseline design. The graph shows major differences 
between the two new designs in terms of leakage flow and torque loss, where leakage 
flow for the second design decreased ~20% with respect the first and torque loss is 
increased by ~7%. The decrease in leakage flow corresponds to the reduction in 
regions of high fluid film thickness shown in Figure 8b. Although leakage and torque 
loss changes by a large magnitude the total energy dissipation remains about the 
same. These simulation results point towards completely different performance of the 
lubricating film.  
 
Figure 10: Leakage energy, friction and energy dissipation of the cylinder block/valve 
plate interface 
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6. Conclusion 
An advanced thermo-elastohydrodynamic model for the cylinder block/valve plate 
interface was used to study the impact of the surface deformation of solid bodies on the 
fluid film behavior between cylinder block and valve plate. The same simulation model 
was utilized to analyze the impact of elastic deformations due to pressure and 
temperature of the valve plate/end case assembly. The simulation results showed 
better performance for design 2 in terms of fluid film stability and a thicker fluid film 
overall which ensures full fluid film lubrication therefore avoiding possible metal-to-
metal contact leading to wear or machine failure. Structural designs and material 
properties on the valve plate/end case assembly which lead to a high stiffness are 
desired to allow for stable and reliable performance of the cylinder block/valve plate 
interface. 
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